ABSTRACT
INTRODUCTION
Occupant concern about indoor air quality (IAQ) issues has led to the increased use of more effective air filters in residential heating and cooling systems. A drawback of improved filtration is that the better filters tend to have more flow resistance. This can lead to lower system airflows that reduce heat exchanger efficiency, increase increased duct pressure differences (leading to increased air leakage for ducts), and increased blower power 2 consumption. Due to a lack of measured data and analysis of energy and performance consequences, there is currently little knowledge on the magnitude of these effects. There is also no guidance for consumers or contractors purchasing filters regarding the related energy impacts.
Filters are tested for particulate removal efficacy with standard laboratory methods. There are several ratings systems resulting from these laboratory tests. Currently, the most common rating method is the Minimum Efficiency Rating Value or MERV. A higher MERV rating means that the filter removes more particles and a larger fraction of smaller particles. All other things being equal, we expect higher MERV ratings to lead to greater airflow resistance.
However, this is complicated by geometry issues and selection of filtration method/medium. Filters come in common depths of 1, 2, and 4 inches with consequent increases in filter media surface area and decreases in airflow resistance for the same filter medium. Another complication is that the two kinds of electric motors used in residential forced air system blowers: Permanent Split Capacitor (PSC) and Brushless Permanent Magnet (BPM), have different responses to pressure difference. In general, PSC driven blowers tend to decrease flow and power with increased pressure difference, whereas BPM blowers maintain flow and increase power.
To estimate the magnitude of these effects, this study performed measurements in ten California houses to determine the effects of changing filter performance and related characteristics on the energy use of the heating and cooling systems. Although this is a small sample size, the duct systems are fairly representative of many homes throughout the US and covered a wide range of duct system pressures and, by implication, air flow resistance.
Multiple filters were evaluated in ten homes covering a wide range of filter effectiveness from simple low filtration fiberglass filters, up to high efficiency (MERV 16) filters that might be used by occupants concerned about IAQ.
This included filter designs that are intended to reduce filter pressure drop such as pleated filters and four-inch deep filters.
To extend the estimates of filtration impacts beyond the ten homes that were field-tested in Northern California, sophisticated analysis and simulation tools were used to determine filter impacts for a wide range of parameters and California climates.
INTRODUCTION TO RESIDENTIAL AIR FILTRATION Filter Ratings

3
There are national standards that exist to determine the degree of particle removal provided by a filter. ASHRAE Standards 52.2 (1999) and 52.1 (1992) provide test methods that can be used by engineers to specify filters and determine their pressure drop. However, they do not discuss any of the implications of filter airflow resistance. These standards produce a MERV rating. This rating is determined by testing filters in a laboratory and measuring upstream and downstream particle concentrations.
The ratings are based on particles, not on IAQ. In general, residential filters are not used to remove indoor pollutants such as volatile organic compounds (VOCs), aldehydes, or other chemicals produced by cooking and cleaning. The particles are divided into three size categories: 0.3-1 µm, 1-3 µm and 3-10 µm. The two smallest categories are the most critical for human health issues as particles of this size can more easily deposit in the lungs (Hinds, 1999) . The MERV ratings of filters readily available for use in residential HVAC systems range from a low of around 3 to a high of 16 -with higher ratings removing more particles at smaller sizes. A MERV 3 filter will capture large particles including clothing fibers, pollen and dust mites but none of the smaller particles. A MERV 16 filter captures more than 95% of all three particle sizes, including bacteria and tobacco smoke (Newell, 2006) . The minimum MERV rating to remove 50% of the 1-3 µm size range is MERV 10. Inexpensive glass fiber filters that are very common are approximately MERV 3, and remove essentially zero of the particles of concern for health.
The need for particle in residences may be reduced some as Stephens and Siegel (2012) measured envelope penetration factors for non-size-resolved sub-micron particles in 19 non-mechanically ventilated homes. They found a range of penetration factors from 0.17 to 0.72 with a mean of 0.45 indicating that the building envelope can be an effective filter for these small particles. Their results also showed that tighter homes had less particle penetration.
In this study we characterized the filters primarily by their MERV rating because this is the only commonly available information available for filters. Many of the filters we initially found at the test homes were very generic, with minimal labeling. While all filters had the size and name of the manufacturer, most had no other information.
Thus determining the MERV rating was difficult, let alone any air flow resistance information. Some manufacturers use their own rating system and converting from the manufacturers rating system to MERV was difficult in some instances. So while other attributes of the filters such as dust holding capacity, pressure drop at rated flow, etc.
would have been nice to have, they were nearly impossible to gather for all of the filters we encountered in the homes.
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ENERGY
While better filters will tend to result in improved IAQ by lowering particle concentrations, there is a cost associated with their improved performance. The key issue is that the improved filtration generally results in filters with greater airflow resistance (Kowalski and Bahnfleth 2002) . However, the filter geometry in terms of pleating, filter depth and filter area all have strong enough effects that MERV rating (or equivalent filter efficiency rating) alone is not sufficient to estimate filter pressure drop. Springer (2009) tested clean filters rated from MERV 2 (approximately) to MERV 13 and found that filter pressure drop (that ranged from 0.13 to 0.52 inches of water (32 to 129 Pa) at a face velocity of 492 fpm (2.5 m/s)) was not highly correlated with MERV ratings at a fixed airflow.
The airflow reduced by 10% for a PSC motor powered blower and did not change for a BPM motor blower as MERV increased -but the BPM motor used 10% more power to maintain the airflow. In contrast to conventional For commercial HVAC systems, previous work has shown how these changes in system pressure drop lead to extra blower power requirements (e.g., Fisk et al. 2002) . However, these highly simplified approaches for commercial systems assumed constant blower efficiencies and airflow. In residential systems the blower performance is strongly dependent on system pressures. Previous studies (Walker 2005 , Walker 2008 , and Lutz et al. 2006 have shown that residential furnace airflow and power consumption can change significantly by changing system static pressures. These flow changes result in lower air conditioner efficiencies. A simple method of estimating these changes is given in ASHRAE Standard 152 (ASHRAE 2007) . It is also accounted for in the California Building Energy Code (also known as Title 24) (CEC 2008) in the ACM Appendix RE and Section 4, that have a 7.5% SEER adjustment for low airflow. Furthermore, the two current motor technologies available in residential HVAC systems have very different reactions to increased system pressures. The Permanent Split Capacitor (PSC) motors (that are about 90% of the market) show reduced airflow and power draw with increasing system pressures. Conversely, brushless permanent magnet (BPM) motors maintain airflow but have increases in power with increased system pressures. Therefore the impact of filtration is different for these two motor types.
These impacts of blower technology have not been investigated in previous studies that usually assume constant blower efficiency.
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Some studies have looked at the cost of using furnace blowers to continuously filter indoor air and distribute ventilation air. These studies have shown energy savings of factors of five or more for BPM motors compared to PSC motors, when operated at low speed. For example, the Energy Center of Wisconsin (Pigg (2003) and Pigg and Talerico (2004) ) tested 31 houses with new (less than three years old) furnaces during the heating season. Almost all the BPM furnaces used more electricity in these real installations than their DOE test procedure ratings suggested: with a median of 82% above rated values. This was attributed to the static pressures in these field installations being much higher than those used in the rating procedures. (2003)). The measured field data showed a range of 0.24 to 1.90 inches of water (60 to 475 Pa) with an average of 0.5 inches of water (125 Pa) at the high fire rate. Natural
Resources Canada (Gusdorf et al. (2003) ) tested two side-by-side calibrated test houses to evaluate the change in energy for using a BPM rather than a PSC motor for continuous blower operation as required in many Canadian houses. Laboratory tests of the air handlers used in the study showed PSC efficiencies in the range of 10 to 15% with BPM efficiencies of 17 to 18% over the range of flows used for heating and cooling. The biggest differences were for continuous operation where the BPM was six times more efficient than the PSC by being able to operate at about half the flow rate of the PSC. The results of this study showed that for a continuously operating blower in the heating season there was a 74% reduction in electricity use for using a BPM (26% of the whole-house electricity use). There was a corresponding increase in natural gas usage in the heating season of 14% to account for the reduction in waste heat from the electric motor. For cooling the savings were 48% of blower energy and 21% of all air conditioner energy.
In terms of overall static pressure in duct systems, a summary (Walker and Dickerhoff (2008) ) of many studies concurred on external static pressure differences of 0.5 in. of water (125 Pa) for heating only systems, and 0.8 in. of water (200 Pa) for systems with cooling coils.
FILTER FOULING
Filter pressure drop increases as filters become dirty or fouled. Also, as this pressure drop increases more air goes around the filter instead of through it (called bypass) and does not get filtered, thus reducing the overall filtration in the system. This is why it is important to change the filters periodically. Currently there are rough 6 guidelines for changing filters that are usually time based, with a few exceptions that call for more frequent changes such as: unusually dirty ductwork, construction in progress, furniture or drywall sanding, pets, smokers and blower running continuously.
Although energy use associated with air filtration is a recognized issue that is mentioned in sales literature of filter manufacturers 1 there is little information on the magnitude of impacts in typical residential systems, the sensitivity of these impacts to system specifications (e.g., use of different blowers) or how these impacts can be reduced or controlled.
Work by Walker (2006a) and Lutz et al. (2006) on the energy and power consumption of residential central forced air system blowers has shown in detail the dependence of blower performance on system pressures. Because BPM motors are much more efficient at lower system pressures, low pressure drop filters can contribute significantly to the energy savings potential of variable speed motor technologies. Combining these results with the information in Table 1 , it is clear that filter performance has the potential to significantly change blower and heating/cooling equipment energy and power use.
In addition to the energy use implications of filtration there can be serious consequences of changing filters that are poorly understood. Most HVAC systems in existing homes were designed and installed for use with simple glass fiber filters that have low airflow resistance. Changing to higher MERV filtration can cause filter pressure drop to increase and system airflow to decrease. This can result in the premature failure of blowers as they struggle to overcome system pressures beyond their design specification. For heating systems the furnaces may operate on high limit switches and overheat. For cooling systems the potential for coil icing and premature compressor failure may increase. The performance of air conditioning systems rapidly declines below approximately 200 cfm/ton (1.04E-4 m 3 /s/kg) (Rodriguez (1995) and Parker et al. (1997) ). Systems that are close to this limit may be pushed over the edge with the addition of increased pressure drop filters.
FIELD TESTING OF FILTER IMPACTS IN HVAC SYSTEM PERFORMANCE
Ten homes were tested for this study. They were selected to cover a range of parameters of interest: different filter thicknesses including large four-inch pleated filters, variable speed motors, single speed motors, filters at return grilles, filters at the furnace/blower, filters in both locations, systems with heat only, a multispeed heating 7 system, and systems with both heating and cooling. The houses were located in several California climates including San Francisco Bay Area (including both mild coastal and warm inland), northern California coast, and the California Central Valley. The limited nature of this study means that the test houses were not necessarily a statistically valid sample from the point of view of inferring implications with great precision. However, these homes provide baseline sample data on filter energy implications that does not currently exist.
The field-testing had two parts. The first part was diagnostic testing to characterize the home and HVAC system(s). The second part was long-term testing over approximately one year. The long term testing was used to observe rates of filter fouling, changes in filter pressure drop and associated system performance changes.
Diagnostic Testing
For each house/system the following diagnostic tests were performed:
Air Flow
The system airflow was measured using the supply plenum pressure matching techniques in ASTM Standard E1554-07 (ASTM 2007) and ASHRAE Standard 152 (ASHRAE 2007) . In this method, the pressure difference between the supply plenum and house was measured with the system operating normally. The return airflow path was blocked and a large fan connected at the blower access. The combination of furnace blower and fan were used to recreate the same supply plenum to house pressure difference. The resulting airflow through the large fan was the system operating flow. Additional tests were performed for systems that had different airflows for heating or cooling, or had multi-speed/multi-capacity systems. One home had a zoned system and further tests were performed to determine air flows in each zoning mode. In order to estimate the duct system airflow characteristics in more detail, data were recorded over a range of pressure differences and air flows. Results of these initial tests were used with continuously measured pressure measurements, to calculate continuous airflow rates in each home assuming that the airflow through the system followed the relationship measured during the initial tests and that the airflow resistance downstream of the furnace did not change.
Duct Leakage
The duct leakage was determined using the test methods in ASTM E1554 test method A (commonly called DeltaQ) because this test method determines the air leakage at operating conditions as required for energy use calculations.
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Envelope Leakage
The house envelope leakage was determined from the envelope pressurization part of the DeltaQ test, in which the envelope pressure difference and the air flow through a blower door fan required to achieve the pressure difference, are recorded over a range of house pressure differences from about 10 to 60 Pa (0.04 to 0.24 in. water).
A least squares fit to the data was used to determine the flow coefficient and pressure exponent. This procedure closely follows that of ASTM E779-10 (ASTM 2010).
Other Information
For each home the following information was recorded: age of house, house characteristics (floor area and volume, number of stories), dust generation characteristics (presence of carpet, number of occupants, number of pets, type of furnishings, and geographical location.
LONG-TERM TESTING
The long term testing was over a period of approximately one year and covered both heating and cooling seasons to observe the changes in both heating and cooling system performance. The long sampling period also allowed the evaluation of both high and low MERV filters for each individual system. The filter loading was from the air in the homes and there was no additional loading during the experiments. The raw data were recorded every ten seconds. They were then averaged for each blower cycle and the blower cycle averages were summarized in timelines so we could observe the step changes in performance as well as changes in time due to filter loading.
Although the small sample size of homes means that it is not necessarily a statistically rigorous sample of homes, they were located in different locations (both rural and urban) and covered a range of occupancies -including the presence of pets in several homes. Therefore, the results can give some guidance on filter loading rates in homes.
Each house was equipped with a set of instruments to monitor the HVAC system that communicated wirelessly to a central computer. This computer recorded all the data and communicated via the internet so that it was possible to remotely check on the progress of the experiments as well as get access to the data at any time. This allowed for data to be recorded in fine time increments and gave us the ability to estimate changes in filter performance as a function of operating time and airflow. It also helped to troubleshoot homes remotely so that very little data was lost during the experiments.
Duct System Pressures
The pressure drop across the filter, as well as at supply and return plenums and at selected locations in the supply and return duct system, were measured using static pressure probes and digital manometers with a pressure resolution of 0.1 Pa (4.0E-4 in. of water) and an accuracy of ± 1%. These measurements isolated the components of total system pressure into filter, supply ducts, return ducts, and the cooling coil.
Power Consumption of System Blower
This was measured using true power meters (in conjunction with current transformers and voltage readings) to avoid errors associated with low power factor operation (particularly for BPM motors). The uncertainty of the power measurements was ± 0.5% of the reading for most measurements, but could be as high as ±4.5% for blower motors with a high power factor.
Air Temperatures
The air temperature was measured in the supply and return plenum as well as the occupied space. The air temperature in the occupied space was usually measured at the thermostat. If there were two floors, then the air temperature was measured on both. The temperature sensors were wireless and the temperatures were recorded by the same computer that recorded all of the data. The accuracy of the temperature measurements was +/-0.5°C ( 0.9°F).
Initial Filters
Most of the homes were tested with two levels of filtration: MERV 11 and MERV 16 filters. Approximately four to six months of operation was recorded for each filter. We installed these new filters in the home, and in three homes some initial data was taken with filters in their "as-found" condition. House 2 had a dirty filter at the start of the measurements, but after the MERV 16 filter was removed, a new filter of the same rating as the original, was installed for the conclusion of the data acquisition. House 1 started with a dirty filter then changed to a new filter about 1 month after start of measurements. House 5 started with filters that were 2 months old. Roughly half way through each year of testing the filters were changed. The intent was to have part of a heating season and part of a cooling season for each filter. In most cases a MERV 16 filter was used as a replacement. In homes 3 and 7 the MERV 16 filter created too much noise and was replaced with a less restrictive filter after a few days of operation.
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House Summary Table 1 summarizes the age, floor area and volume of each home. Table 2 summarizes details of the heating and cooling systems and the filters found in each home. In addition to these summaries, more details can be found in Walker et al. (2012) . 
FIELD TEST RESULTS
This paper summarizes key results of the field-testing. More details are available in Walker et al. (2012) . To determine trends of pressure, power and airflow as filters become loaded, it is insufficient to look at time since installation, because the parameter of interest is the quantity of particles that have entered the filter. For simplicity, it is assumed that the indoor particle concentrations do not change significantly with time. It is also assumed that the ability of the filters to trap the larger particles (that contribute most to increased airflow resistance) does not change as the filter fouls. In this way, the cumulative air mass flow through the filter can be used as a surrogate for particle mass flowing through the filter. For multi-speed systems, or those with different airflow rates for heating and cooling, the different mass flow rates in different modes were used to calculate the cumulative mass flow.
The first data recorded in each house was with the filter type that the homeowner had installed. In most homes, new filters of this type were installed (see Table 2 ). After about 6 months of data collection, the filters were replaced with MERV 16 filters. In some of the houses, the MERV 16 filters caused the pressure drop to be so high that a whistling sound was produced when the furnace blower was on. This whistling was annoying to some homeowners, and at Houses 3 and 7 they were removed after a few days. They were replaced with the previous model of filter. In House 3, some very low quality filters (about MERV 4) were installed so that we could record data with two different filter qualities. At House 7, there were two filters in series. After MERV 16 filters were installed in both locations for a few days the one at the ceiling was changed back to a low quality filter. The MERV 16 filter at the furnace remained.
Example results are shown for two houses. 
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A summary of the field-testing results is shown in Table 3 . The results of these measurements showed that installation of the highly pleated MERV 16 filters resulted in large increases in the pressure drop across these filters, often causing noise levels that were unacceptable to occupants. Corresponding flow rates could drop to levels significantly lower than the rates under lower MERV filters. For the MERV 16 filters, the four-inch deep filters had less pressure drop and less restricted flow than shallower (one-inch deep) filters. Filter loading rates varied more from house to house than by MERV rating, and overall were quite low in many of the homes.
For PSC motors the flow generally decreased with filter loading, with low MERV filters averaging a decrease of 11 cfm/10 6 kg , and MERV 16 filters averaging 38 cfm/10 6 kg . For BPMs the flow did not change significantly until the fan was at maximum output at which point they decayed at rates similar to PSC motors. No BPM motor using a low MERV filter reached its maximum output. Changing from a low MERV filter to a MERV 16 filter in PSC motors decreased the flow rate by an average of 188 cfm or 22%. With BPM motors the speed adjusted to keep the flow constant except at high speed settings when the maximum speed was reached. On average, BPM motors had their flows decrease by 178 cfm or 15%. This decrease was dominated by the two systems that were already at maximum output before the addition of high performance filters. On low speed operation over all BPMs the flow actually increased a slight amount. These results are interesting because they show large changes in flow for BPM blowers that has not been observed in other studies. We speculate that this is because we imposed higher air flow resistance with the high MERV filters such that the BPM blowers were operating outside their normal control range.
This supposition is supported by the two instances where BPM blowers were already operating at maximum output before the higher MERV filters were installed.
The test results from this study indicate that for replacing low MERV filters with MERV 10-13 filters the effects on blower energy use are moderate (< 5%) over a wide range of performance conditions and climates often with small decreases in blower power for PSC blowers. Using higher MERV 16 filters leads to problems in terms of potential for significantly increased blower energy use for BPM blowers (about 20%) and usability. In systems that are already close to blower performance limits with low MERV (< 6) filters, the addition of a MERV 16 filter pushed the blowers to their limits. In a couple of cases even BPM driven blowers were unable to maintain airflow because the motors were operating at maximum output before the required airflow rate was met. Other complications for predicting the system performance were that BPM driven blower increased flow with a MERV 16
filter. This shows how the particulars of the BPM control algorithm can confound predictions of performance.
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The effects of duct system leakage were found to be significant. The changes in duct pressures due to changing filters are not straightforward. In general, higher airflow resistance filters lead to reduced airflow. This causes the pressure in the supply ducts to decrease, leading to lower supply leakage. For return ducts the change depends on the filter location. When the filter is located at the furnace/blower compartment, installing higher MERV filters will cause the return duct pressure to decrease, leading to lower leakage (as with the supply ducts). However, most
California duct systems have filters at the grilles. So higher MERV filters cause the whole return system pressure difference to increase. This increases the return duct leakage. The pressure difference across the blower compartment itself will always increase, independently of where the filter is located. This causes higher compartment leakage.
ENERGY USE ESTIMATES AND SIMULATIONS
To expand the results beyond the limited sample of California homes that were field-tested, we used an energy model specifically focused on HVAC system performance. The model is called REGCAP and has been validated and used in many previous studies -including studies for the California Energy Commission (Walker and Sherman 2006) . REGCAP is a minute-by-minute simulation tool that accounts for interactions between airflow, ventilation and equipment performance in homes. It has a two-zone model for including furnaces and duct systems in attics, and to account for the effect of attic heat transfer on home energy loads. It contains an airflow model that combines natural ventilation, mechanical ventilation and heating and cooling system air flows. The airflow model is coupled to a heat transfer model that includes solar loads and attic-house interactions. This paper summarizes key results of the simulations. More details are available in Walker et al. (2012 M n = MERV rating of filter (n = 8, 11, 16)
The K coefficients are expressed as a fractional change in performance after 10 6 kg of air mass flow through the filter. The A coefficients are expressed as a fractional change in initial performance, or step-change, from installing Figure 7 illustrates both changes in initial system performance from installing a new filter and changes due to filter loading for PSC motors and BPM motor respectively. The filter is changed from MERV 5 to MERV 11 after 10 6 kg of mass flow. For the PSC motor note the step change decrease in airflow rate and power, and the increase in duct leakage as the filter is changed, plus the gradual decrease in performance as the filter loads. In the case of the BPM motor note the airflow rate remains constant but the air handler increases its power consumption to compensate for the increased flow resistance due to loading.
MODELING RESULTS AND DISCUSSION
For convenience, the natural gas use has been converted from therms to kilowatt-hours using a ratio of 29.3 kWh/therm, so that it can be combined with the electricity use. Heating energy use dominates cooling, blower and mechanical ventilation electricity consumption in all climate zones except El Centro (Climate Zone 15) which is extremely hot. Increasing the duct leakage causes the total energy use to go up in all climate zones.
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Figure 7: Simulated filter loading effects on system performance for PSC and BPM motors under no, low and high loading conditions. There is a change in filter from MERV 5 to MERV 11 after 106 kg of cumulative air mass flow.
Figures 8 and 9 show the effects of filter loading rate and increasing MERV rating on system energy performance on the climates with the most heating (Climate Zone 1) and cooling (Climate Zone 15). The other climates have results between these two extremes. The displayed results show the difference in annual energy use when comparing the baseline simulations (MERV 5 filter with no loading) with the higher MERV rated filters and increasing loading effects. A negative number means that the system has used less energy than the baseline case.
For Climate Zone 1 for the PSC motor, as the filter loads, the system pressure increases causing the return duct leakage to increase, the blower power draw to decrease, and the system airflow rate to decrease. For heating operation, the decreased power draw reduces the energy consumption of the air handler, but this increases the heating load on the furnace because there is a smaller contribution of heat to the airstream from blower power (due to blower mechanical inefficiencies). Also, as the duct leakage increases the energy consumption of the furnace increases because cold attic air is being drawn into the system. Essentially, the electrical power of the blower is 21 being swapped for the combustion of more gas by the furnace. The net change in energy over the year goes from -37 kWh (-0.14%) to 8 kWh (0.03%). When the duct leakage is increased to 28% the furnace energy use actually goes down compared to the baseline case. This is because the increased return duct leakage with the higher MERV filters is large enough that it pressurizes the whole house with attic air. Because the attic is warmer than outside (by about 6°F) all the air entering the house is at a higher temperature than the air entering the house for the baseline case with balanced supply and return leakage. This higher entering air temperature significantly reduces the ventilation related loads (by about 200 W).
In the case of Climate Zone 15 the blower energy drops from -64 kWh (-6%) to -394 kWh (-34%). The furnace gas consumption decreases but it is negligible due to the very low heating demand of the climate. The compressor electricity use, however, increases from 37 kWh (1%) to 486 kWh (9%) over the year. This is for two reasons: the reduced airflow rate over the air conditioning coil reduces the cooling efficiency, and the increased duct leakage brings more hot air from the attic into the cooling system, thus increasing the cooling load. Comparing the two worst cases between the 6% duct leakage house and the 28% duct leakage house (MERV 16 with medium loading), the air conditioning energy increases from 535 kWh (10%) up to 763 kWh (12%) annually. The extra filter change in the high loading house means it performs better over a calendar year compared with the medium loading house.
For the BPM motor the effects of filter loading are different. For the heating dominated Climate Zone 1, the BPM motor increases its power draw to maintain the airflow rate with increasing system pressure. As the filter loads, the system pressure increases, the return duct leakage increases, but the power draw of the BPM motor also increases and so the system airflow rate remains constant. Consequentially we see the opposite effect displayed from the PSC motor simulations. The electricity used by the blower increases and the heating load on the furnace decreases. The increased power draw of the blower motor is now contributing excess heat to the airstream and reducing the heating burden on the furnace. The net effect on the energy consumption of the system is small. Going from the low loading MERV 8 filter to the high loading MERV 16 filter the net energy difference from the baseline case changes from -7 kWh (-0.02%) to -13 kWh (-0.05%). The system actually uses less energy than the baseline of MERV 5 with no loading in both cases. For Climate Zone 15 the BPM motor does not perform so well. The increased power draw of the BPM motor increases the load on the air conditioner. In the 6% duct leakage house the low loading MERV 8 system increased the net annual energy consumption by 160 kWh (1.5%). The high loading MERV 16 system increased the net annual energy consumption by 535 kWh (5%). For the 28% duct leakage case,
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the high loading MERV 16 system increases net annual energy use by 2,385 kWh (20%) suggesting that when using a BPM motor in a cooling dominated climate (where the system airflow rates are high) the homeowner should ensure that they use a low-pressure system with tight ducts unless they are willing to pay a heavy energy penalty for filtration.
The other climate zones display changes in system performance somewhere between the two extreme climate The result of averaging the energy penalty for all loading rates and all six climate zones, but distinguishing between filter MERV rating are shown in Table 4 (absolute values) and Table 5 (fractional values in percent). This table also shows the energy penalty as a fraction of the baseline HVAC energy averaged over all climates. The main conclusions from the simulations, related to heating and cooling system performance from adding filtration with varying degrees of loading are:
• In heating and cooling dominated climates a PSC motor-driven blower will cause power swapping between the air handler and either the furnace or the air conditioner, resulting in a low net energy penalty from filtration
• A BPM motor-driven blower operates best in heating dominated climates with a low pressure drop system, and shows less variability in total system energy performance with filter loading rate and MERV rating than a PSC motor-driven system
• The effects of filtration on system energy use are small in climates that have both low cooling and heating loads
• The effects of filtration are about 1% or less, averaged over all climates and loading situations, with the exception of MERV 16 filters with leaky ducts and a BPM.
• Climate specific results are:
• Climate Zone 1 (Arcata): Filter effects are negligible except for MERV 16, high loading with leaky ducts and a BPM
• Climate Zones 10, 12 and 13 (Riverside, Sacramento and Fresno): The impact of cooling operation is significant and makes the BPM perform better than the PSC (because waste motor heat is additional cooling load). Filter effects are generally only significant (> 2%) for MERV 16 filters with the PSC motor, or BPM with high duct leakage. As the climate gets hotter the effects become greater. The worst case is a 6% penalty in Fresno for a high filter loading, leaky ducts and a BPM. This combination should be avoided
• Climate Zone 15 (El Centro): This climate had the most sensitivity of all. The cooling load being larger than the heating load. The energy penalties were higher for the BPM and for leaky ducts. The BPM with MERV 11 in this climate, had energy penalties of about 3.5%. The worst case was the high filter loading, leaky ducts with a BPM where the penalty was 20%. This climate requires the most care when selecting filters.
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SUMMARY OF FILTRATION ISSUES
System Pressures
The large variability in system installations in terms of the available filter area, filter depth and airflow led to large ranges of measured field performance. The filters that occupants had installed had MERV ratings ranging from 4 to 13 and had pressure drops of 16 to 173 Pa with an average of 71 Pa. When these were replaced by MERV 16 filters the pressures ranged from 16 to 300 Pa with an average of 149 Pa. This large range indicates that it is possible to install MERV16 filters with little change to system pressures (and therefore air flows, air leakage and blower power). Selecting a reasonable pressure limit for acceptable performance cannot be done precisely when considering all the other factors that influence system performance. For comparison, Stephens et al. 2010a measured pressure drops in 17 residential and light commercial systems that changed from a median of 34 Pa for MERV 2 to 55 Pa for MERV 11, which falls within our range for lower (<MERV 16 filters). We selected a reasonable target of 50 Pa for a pressure drop for MERV 16 filters because this is shown to be achievable in these field test results, and is close to the median of 38 Pa reported in other California field surveys (Proctor et al. (2011) ).
This low value from other field surveys is due the commonest filters in homes being very low MERV and of low flow resistance, compared to the filters used in this study. 
Filter Loading
For PSC motors the flow generally decreased with filter loading, with low MERV filters averaging a decrease of 11 cfm/10 6 kg, and MERV 16 filters averaging 38 cfm/10 6 kg. For BPMs the flow did not change significantly 27 until the blower was at maximum output at which point they decayed at rates similar to PSC motors. No BPM motor using a low MERV filter reached its maximum output. Changing from a low MERV filter to a MERV 16 filter in PSC motors decreased the flow rate by an average of 188 cfm or 22%. With BPM motors the speed adjusted to keep the flow constant, except at high-speed settings when the maximum speed was reached. On average, BPM motors had their flows decrease by 178 cfm or 15%. This decrease was dominated by the two systems that were already at maximum output before the addition of high performance filters. On low-speed operation, over all BPMs the flow actually increased a slight amount. For a couple of systems we found large changes in flow for BPM blowers that have not been observed in other studies. We speculate that this is because we imposed higher airflow resistance with the high MERV filters such that the BPM blowers were operating outside their normal control range. This supposition is supported by the two instances where BPM blowers were already operating at maximum output before the higher MERV filters were installed.
When the filter was changed to a MERV 16 filter blowers with PSC motors saw an increase in filter pressure and a decrease in flow and a decrease in power consumption. BPM motors at high-speed settings had similar decreases in flow but an increase in power as these motors attempt to keep the flow constant. At low-speed the BPM motor controls could result in an increase in both power and flow.
We used the results of the field data to determine fouling rates. The fractional changes in airflow, blower power and return duct leakage were calculated for every 10 6 kg of airflow through the system. This magnitude was chosen as it represents typical airflow magnitude over a year of HVAC system operation for a home. In seven of the homes the fouling effects with a MERV 16 filter were low with filter pressure changes of less than 5Pa (about 5% of filter pressure). Two homes had a medium rate of fouling with pressures changing by about 30 Pa (15% of filter pressure).
A single home, with a MERV 8 filter, fouled at what we considered a high rate, saw a pressure change of 40 Pa, roughly a 40% change in the filter pressure. Lower MERV rated filters generally had lower fouling rates. We used these results to provide input to the simulations that evaluated loading at three rates (low, medium and high), with the effects on blower power, airflow and duct leakage determined from the measured field data. Generally, the effects on blower power and airflow depend on blower motor type. As fouling increases, the PSC blower has decreasing blower power and airflow and the BPM has constant airflow and increasing blower power. The specific values form the field data are approximations because the field data did not show distinct fouling rates that clearly correlated with other system parameters.
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The simulation results showed that for the low loading rate the effects on energy use are small (5% or less) for all blower types and climate. For the medium loading rate, the PSC motor systems experience reductions in blower power and airflow of about 5-15%, but an increase in duct leakage of 10 -20% -with bigger effects for higher MERV filters. The BPM systems has small (2.5% or less) changes in blower flow and power consumption and the same increases in duct leakage as the PSC blowers. The high filter loading scenario for the PSC blower had very large changes in flow and power (up to 60% for MERV 16) as well as duct leakage (up to 50% for MERV 16). For the BPM the effects on flow and power were still less than 5% but the duct leakage showed the same large changes as for the PSC blowers. These results indicate that performance is a strong function of fouling rate and that changing filters more often in high fouling situations is essential.
Energy Impacts
The general trend for energy use is that climates with more cooling had bigger impacts with a change to higher MERV filtration. This is because cooling systems are adversely affected by lowering the system airflow and because any increase in lost motor heat increases the cooling load (it displaces furnace gas use in heating and has little net effect). The test results from this study indicate that for replacing low MERV filters with MERV 10-13 filters the effects on blower energy use are moderate (< 5%) over a wide range of performance conditions and climates, but MERV 16 filters can introduce significant blower power increases (about 20%). In most situations MERV 10/11/13 filters had a negligible (< 1%) effect on energy use. Energy use only became an issue for MERV16
filters. In the hottest climates it becomes essential to avoid using MERV 16 filters with leaky ducts and a BPM blower because the energy penalties can get as high as 20%. In many climates the high filter loading cases stood out as having significantly worse performance. This indicates the need for some sort of indictor that a filter is fouled that can be observed by home occupants.
These overall results are comparable with previous studies. For example, Parker et al. (1997) used modeling of airflow reduction effects to estimate about a 2% change in energy use. Stephens et al. (2010a) used periodic field measurements of air conditioner use to examine the change in air conditioner performance when going from low MERV filters to MERV 11/12 filters. Taking their median energy reduction of 0.26 kWh/ton/day and the air conditioner capacities and energy use from the current study, implies a change of about 1%. However, it should be noted that the Stephens et al. study found large variations of +/-4.4 kWh/ton/day (or a variability of about +/-15% using the same conversion as above) making comparisons difficult. Despite the differences in methodology and
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MERV ratings of filters it seems like there is a fair consensus that energy changes are not large on average, and depend very much on individual system characteristics such as duct leakage, starting system air flow resistance, etc.
More detailed monitoring of two systems by Stephens et al. 2010b again showed very small overall impacts for MERV 11 filters that are similar to the results of the current study. It appears that the extension to MERV 16 filters in the current study has shown that energy use issues may only be significant at these higher filtration levels given the relative agreement between this and previous studies at lower MERV 11 levels.
RECOMMENDATIONS
The large variability seen in the field test results and simulations limited our ability to make large numbers of recommendations -although the knowledge that results are highly variable is valuable itself. The following recommendations are therefore relatively narrow in scope and limited to issues for which there is a reasonable amount of certainty.
1. No building energy code requirements are needed for MERV 11 or lower filters 2. If MERV 16 filters are used a duct leakage test is needed and ducts need to have 6%, or less, leakage, and an alarm should be used to indicate when filter has exceeded its loading limit 3. Require filter manufacturers to label filters with static pressure drop at one or more rating points (similar to European Standards). This would allow contractors and consumers to make filter replacement decisions based on air flow resistance rather than simply referring to MERV rating as we have done here due to limited information available.
4. Require filters, furnaces and blowers to track filter pressure changes and give an alarm when filters have become critically loaded 5. Be aware of potential noise issues with MERV 16 filters 6. Increase filter surface areas (install second/third returns in single return systems) such that filter pressure difference at the highest operating speed is less than 50 Pa 7. Only install MERV 16 filters after reducing the system airflow resistance and check that the addition of a MERV 16 filter will not exceed the allowed static pressure of the system.
